HIsarna is a new alternative ironmaking process of ULCOS program, which is under intensive development at EU. It uses coal and fine iron ore directly as raw materials instead of coke and pellet. In this context, the melting and pre-reduction behaviour of hematite ore in the smelting cyclone of HIsarna process was studied in the laboratory scale. The experimental study which used the typical reaction conditions of smelting cyclone in the pilot plant supplies a good reference to the HIsarna process and the results are helpful on determining the temperature range, gas composition and particle size in the smelting cyclone. All the experiments were performed in a High-temperature Drop Tube Furnace. The experimental temperature was varied from 1 550 K to1 750 K. A series of experiments have been conducted with different reaction time which was varied from 210 ms to 2 020 ms, thus enabling the characterization of partially reduced samples. It was found that the reduction degree increases with the increase of temperature and residence time, while decreases with the increase of particle size. The maximum reduction degree at the studied conditions is approximately in the range of 23-30%. Both solid sample and molten sample were obtained at the current experimental conditions. The completely gas-solid particle reduction took place at 1 550 K, 1 600 K for the residence time up to 2 020 ms. Fully molten particles can only be obtained at the temperature higher than 1 700 K.
Introduction
ULCOS (Ultra Low CO 2 Steelmaking) is a large European research program, which aims to cut CO 2 emissions by 50% per tonne of steel through investigating new steelmaking processes. 1) HIsarna is one of the processes, which uses coal and fine iron ore directly as raw materials instead of coke and pellet in the conventional blast furnace ironmaking process. The HIsarna process combines coal preheating and partial pyrolysis in a reactor, a melting cyclone for ore melting and pre-reduction, and a smelting reduction vessel (SRV) for final ore reduction and iron production. The smelting cyclone and SRV are highly integrated and operated as a single smelting furnace. In the smelting cyclone, the fine iron ore is pre-reduced to a pre-reduction degree of about 20% through thermal decomposition and reduction by the SRV off-gas. Simultaneously, the iron ore particles are heated to the SRV temperature which is around 1 723 K. After the molten ore droplets hit the wall of the cyclone, they flow down the wall and drip into the SRV. It is essential to have a good understanding of the melting and pre-reduction behaviour of individual particles in the complicated smelting cyclone, which would be meaningful for the whole process. This study focused on the observation of the morphological changes, reduction and melting behaviour of individual iron ore particles under the influence of temperature, gas composition, and reaction time, which is essential for obtaining a clear picture of the reduction kinetics of iron ore at high temperatures.
In the past few decades, the mechanism of iron ore reduction by CO or H 2 gas was widely investigated. [2] [3] [4] [5] [6] [7] [8] The results and findings have been successfully applied to the conventional ironmaking process of blast furnaces. As the emerging of competitive alternative ironmaking technologies, iron ore fines can be directly charged into the furnace. Therefore, the reduction behaviour of iron ore fines became more and more important for the technology development of ironmaking. For better understanding of the reduction process of individual iron ore particles, the laboratory studies were conducted by using two kinds of reactors: fluidized bed and gas conveyed system. The intensive laboratory investigations [9] [10] [11] [12] [13] on the fluidized bed reduction of iron ore fines started in the 1960's for the alternative ironmaking processes based on fluidized bed reactors: direct reduction processes 14, 15) (e.g. FIOR, FINMET and Circored) and the pre-reduction stage in the smelting reduction processes 16, 17) (e.g. FINEX and DIOS). The laboratory experimental results of fluidized bed reduction offered a good understanding of the gas-solid reaction mechanism of individual iron ore particles to the industrial operation. However, the temperature of the fluidized bed reactor cannot go up to and beyond the melting temperature of iron ore, to avoid the agglomeration in the reactor. For this reason, most of the studies with fluidized bed reactor limited the temperature below 1 173 K. [18] [19] [20] This issue was solved by a gas conveyed system which could measure the rapid chemical reaction rate of the in-flight iron oxide fines at high temperature without the problem of agglomeration. Therefore, the kinetic behaviour of individual particle at high temperature could be studied. In 1982, Tsukihashi and his co-workers 21) have studied the reduction behaviour of molten wϋstite in CO gas conveyed system at high temperatures of 1 723 K and 1 873 K. The mean diameter of the studied particles was 25 μm. Hayashi and Iguchi 22) measured the reduction rates of molten wϋstite with hydrogen in the temperature range of 1 723-1 823 K. A batch of pure spherical wϋstite particles with the mean diameter of 58 μm was concurrently fed into the gas conveyed system at a small constant rate and reduced in a hot zone. Both of the studies presented the gasmolten particle reduction mechanism of wϋstite. However, for the reason that these laboratory studies served the lower part of the blast furnaces and the final reduction stage of smelting reduction process, the iron oxide fines were wϋstite only. The details of gas-solid particle reduction and gasmolten particle reduction of hematite ore at high temperature were not yet clear. This study specially probes into this field and the results of the laboratory experiments can provide fundamental information to the pilot plant and future commercialisation of the HIsarna process.
Thermodynamic of Reduction of Fe2O3 with CO and H2
Iron oxides mainly exist in three forms, i.e. hematite (Fe2O3), magnetite (Fe3O4) and wϋstite (FeO). Although the non-stoichiometric wϋstite is usually written as FeO or FexO, the actual oxygen content in wϋstite has a wide range from 23.1 to 25.6 wt%.
23) The value of x in FexO is less than unity and close to 0.95 when it co-exists with metallic iron. The iron-oxygen system may be best described in the phase diagram by Darken and Gurry as shown in Fig. 1 . The diagram has been used in a lot of investigations, 2, 4, 24) which shows that the liquidus temperature of the FeO-Fe3O4 mixture is in the range from the melting point of FeO (about 1 644 K) to the melting point of Fe3O4 (about 1 870 K) and decreases with the increase of the FeO content. The diagram also reveals that the gas-solid reduction of hematite to produce iron takes place step-wise in two (below 843 K) or three stages (above 843 K). Thermodynamic data of heat of reactions ΔH o24) at 298 K and equilibrium constants Ke for the stoichiometric equations are given in Table 1 . The reduction degree R of iron ore is defined as the ratio of mass loss of oxygen Δmoxygen to the total initial mass of oxygen in the iron oxides in the iron ore sample mtot-oxygen as shown in Eq. 
Experimental

Experimental Set-up: the High-temperature Drop
Tube Furnace The concept of the gas tight laboratory experimental setup, the drop tube furnace, is shown in Fig. 2 . The drop tube furnace system was a new generation of gas conveyed system with smarter designs, which has been described elsewhere. [25] [26] [27] Since the experimental temperature was extremely high in this study, High-temperature Drop Tube Furnace (HDTF) was used to characterize it. The experimental set-up mainly consisted of 6 components: an electrically heated tube furnace, a gas pre-heater, a syringe pump particle feeder, a water cooled particle injection probe, a sampling probe with a combination cooling system of gas (N2) and water, and a sample collector. A honeycomb flow straightener was attached at the tip of the injection probe to achieve a better laminar flow in the hot zone. Both of the injection probe and sampling probe were made of high temperature resistance stainless steel and could be moved freely in the vertical direction. The alumina tube with inner diameter of 60 mm, outer diameter of 70 mm and length of 1 100 mm was used as the reactor tube. The reactions took place in the hot zone which started from the tip of the injection probe and ended at the top of the sampling probe.
Experimental Conditions and Analysis Methods
The hematite ore particles were provided by Tata Steel in IJmuiden, the Netherlands. The chemical analysis is shown in Table 2 . The raw material was prepared by screening to get different size groups of particles and then dried at 423 K temperature for 2 hours to remove the moisture, before they were used in the experiments.
The experimental conditions were varied by changing temperature, particle size, residence time, and gas compositions as shown in Table 3 . The range of the residence time was determined according to the particle residence time in the smelting cyclone in the pilot plant. The residence time of the particles in the hot zone was calculated by applying Newton's second law of motion and Stokes law to the particles' motion through fluids. It was assumed that there were three forces acting on a single particle: gravity force, buoyancy force and drag force (as shown in Fig. 2 ). The particle size was in the range of 30-90 μm. The particle feed rate has been set to 1 g/h to obtain the reduction behaviour of individual particle. For that the particles size and the particle feed rate used in the experiments were extremely small, it was assumed that the heating time of the particles could be neglected. Since the influence of cooling system in the sampling probe and injection probe, the common isothermal zone could not describe the temperature profile in the reaction zone appropriately. Therefore, the experimental temperature in the hot zone was characterized by the average temperature which was calculated by the weighted average method. The gas flow rate of gas mixture was 4 L/min. One gas mixture was composed of CO and CO2 and the other gas mixture was composed of CO, CO2, H2 and N2. The gas compositions were determined according to the three different post combustion ratios (PCR = (CO2% + H2O%)/(CO% + H2% + CO2% + H2O%)) which are in the typical range of the pilot plant. The structural and morphological changes of fine hematite ore during reduction process has been systematically studied with the particle size 45-53 μm which close to the mean particle size used in the HIsarna process. The reduction degree of the collected samples was analyzed by chemical titration. From the chemical titration, the weight percentage (wt%) of total iron (Fetot), Fe 2+ and Fe
3+
could be obtained. According to Eq. (1), the reduction degree (R) of the iron oxides was calculated by Eq. (2). In addition, the collected particles were observed by the optical microscope. The existing phases in the partially reduced iron ore particles were examined with X-ray Diffraction (XRD) which also provided the semi-quantitative determination of iron oxides. The accuracy of the semi-quantitative determination is not very high, but the compositions could be compared for one sample relative to the others. 
Results
The laboratory experimental study of the reduction of the very fine iron ore was aimed to obtain the reduction mechanism of the individual particle at the selected experimental conditions. It is essential to understand the particle behaviour in the smelting cyclone of the HIsarna process. The prereduction degree of iron ore in the smelting cyclone can be affected by many factors. The laboratory study focused on the four most influential factors which are temperature, particle residence time, particle size, and gas composition. Figure 3 shows the effect of gas composition on the reduction degree at 1 650 K and the gas composition in the same gas mixture is characterized by PCR in the figure. It is found that the reduction degree increases with the increase of residence time, while the reduction degree decreases with the increase of PCR at the same residence time. Compared the two kinds of gas mixture, at the same PCR, e.g. when PCR is 38.9%, the reduction degree of iron ore fines in the gas without H2 is about 2% lower than the result with H2. Through thermodynamic analysis, the reduction ability of H2 is higher than the reduction ability of CO at higher temperature and it has been confirmed by many studies. 15, 19) Figure 4 gives the effect of particle size on the reduction degree of iron ore fines at 1 650 K. For all the cases, the residence time was 1 570 ms. The results show that the reduction degree of iron ore almost linearly decreases with the increase of particle size. It is also observed that the reduction degree of iron ore increases with the decrease of PCR. The reduction degrees of iron ore fines in the reducing gas including H2 are slightly higher than that in the reducing gas without H2 in the same residence time. This phenomenon is the same as that observed in Fig. 3. 
Variation of Gas Concentration
Variation of Particle Size
Variation of Temperature
In order to obtain an overall picture of the in-flight reduction process of fine iron ore, a series of experiments have been carried out at different temperatures with the typical gas composition (PCR2′: 42.2% CO + 57.8% CO2) and typical particle size (45-53 μm). Furthermore, the morphology analysis and kinetic analysis has been conducted. The residence time was in the range of 210-2 020 ms. Figure 5 presents the evolution of reduction degree as a function of time % . % . % % Fig. 4 . The effect of particle size on the reduction degree at 1 650 K: the solid symbol denotes in the gas mixture of CO-CO2-H2-N2, and the hollow symbol denotes in the gas mixture of CO-CO2.
at 5 different temperatures. It is clear that the reduction degree of iron ore goes up with increasing temperature at the same residence time. At 1 550 K, the reduction degree of iron ore is quite low in all studied residence times from 210 ms to 2 020 ms. Even the highest point (t = 2 020 ms) is still lower than 11.11% (If hematite is reduced to magnetite completely, the reduction degree is 11.11%.). At 1 600 K, when the residence time is longer than 970 ms, the reduction degree of iron ore is higher than the level of 11.11%. For the temperatures above 1 600 K, the results of reduction degree of iron ore are all higher than 11.11% independent of long or short residence time. At the two experimental temperatures of 1 700 K and 1 750 K, the difference between the two reduction degrees is quite small when the residence time is 2 020 ms. The reason of this phenomena will be further discussed in the following section. In this study, the shortest residence time of 210 ms could be obtained. Although the reduction behaviour of iron ore in the residence time between 0-210 ms cannot be tested, the broken lines could give a general idea of this period. It clearly shows that the reduction rates in the residence time between 0-210 ms are much higher than those in the residence time between 210-2 020 ms at all temperatures. On the other hand, the reduction rate in the first 210 ms increases rapidly with the increase of temperature. As shown in the figure, three groups of experiments marked with rectangle have been selected for the morphological study, which are the samples reduced in 210 ms, 970 ms and 2 020 ms, respectively.
Discussion
Contribution of Thermal Decomposition to Reduction Degree
Through analysis of the data in Figs. 3-5 , it can be found that even though the experiments were conducted in the shortest residence time of 210 ms, the reduction degrees of iron ore were still not close to zero in all cases. For instance, in Fig. 5 , the reduction degree of iron ore at 210 ms is 3.3% at 1 550 K, while it jumps to 24.0% at the same residence time at 1 750 K. The average reduction rates in each time period at different temperatures are shown in Fig. 6 . It was found that all the reduction rates after 210 ms are in the level of up to 0.1 s -1 at all the studied temperatures. However, in the first 210 ms, the average reduction rates are totally different from that after 210 ms and increase obviously with the increase of temperature. According to the thermodynamic calculation, this phenomenon is mainly caused by the thermal decomposition of Fe 2 O 3 as shown in Eq. (3) (the thermal decomposition degree can be regarded as the equivalent reduction degree: removal of oxygen from the oxides). In other words, the reduction of hematite ore (as shown in Table 1 ) in the first 210 ms takes place accompanied by the thermal decomposition process. The experimental study on the thermal decomposition of hematite ore has been carried in the laboratory. The details of the investigation could be found in the other paper of the authors.
28) The main conclusions related to this study are drawn here. In order to compare the results between thermal decomposition and reduction of fine hematite ore, the experimental study on the thermal decomposition has also been conducted at the same temperatures (1 550-1 750 K) and in the same range of residence time (210-2 020 ms) with the experimental study of iron ore reduction. The chemical composition of hematite ore samples is shown in Table 2 . Although the experimental study on the thermal decomposition of hematite ore has been carried out with different types of inert gas: CO 2 , N 2 , and Ar, only the experimental results with CO 2 (purity: 99.999%) gas was given in this paper. It is because that high purity of O 2 gas is used in the HIsarna process, the major inert gas in the smelting cyclone is CO 2 . According to the experiments in the HTDF, the thermal decomposition of hematite ore in CO 2 had a sharp weight loss in 210 ms at all the studied temperatures. On the other hand, the thermal decomposition degree of hematite ore was caused by the thermal decomposition of Fe 2 O 3 and it was not changed by changing the particle residence time from 210 ms to 2 020 ms under the same temperature, while it increased with the increase of temperature. It indicates that at each temperature, the maximum thermal decomposition degree of hematite ore in the studied range of residence time could be obtained in the first 210 ms. Figure 7 gives a comparison of thermal decomposition degree of hematite ore in CO2 and the total reduction degree of hematite ore in the reducing gas at different temperatures in the first 210 ms. As that the total reduction degree is the combined effects of thermal decomposition and gaseous reduction, the reduction degree caused by gaseous reduction in the first 210 ms can be estimated. The solid bars represent the reduction degree of iron ore due to thermal decomposition and the bars with diagonal represent the reduction degree of iron ore caused by gaseous reduction. In the first 210 ms, the thermal decomposition of iron ore contributes much more than reduction to the total reduction degree of iron ore, especially at low temperatures. From Figs. 5-7, it can be concluded that the thermal decomposition of hematite ore contributes significantly to the total reduction degree in the first 210 ms, and when the residence time is longer than 210 ms, the further reduction degree of iron ore is almost completely contributed by gaseous reduction (because thermal decomposition does not continue in the residence time of 210-2 020 ms).
Equilibrium Reduction Degree
In Fig. 5 , the reduction degree of iron ore at 1 750 K keeps constant when the particle residence time is longer than 970 ms and it is slightly lower than the constant when the particle residence time t < 970 ms. It indicates that the reduction of iron ore almost reaches the equilibrium state at the current condition when t ≥ 970 ms. This can be confirmed and explained by the Fe-O-C equilibrium diagram as shown in Fig. 8 made by Biswas. 29) This diagram gives the equilibrium weight percentage of oxygen (wt% O) in wϋstite which varies with CO content in the gas and temperature as well as the equilibrium line of Boudouard reaction (C + CO2 = 2CO). According to this study, the reduction degree of iron ore always tends to reach an equilibrium state when the reducing gas has a constant PCR. When the iron oxide is in liquid state above around 1 650 K, the equilibrium lines (wt% O) are slightly lower than the values when iron oxide is in solid state, and this small deviation can be neglected for some cases in this study. The wt% O of 23.2%, 23.6%, 24.0%, 24.4% and 24.8% in the diagram were recalculated and converted to reduction degrees of iron ore which are shown in Table 4 . The CO content in the CO-CO 2 mixture at the vertical axis in the figure is converted to PCR values of the reducing gas. The results in the table directly present the reduction degree of iron ore as a function of temperature and PCR. For example, if wt% O is 24.8%, it indicates that the equilibrium reduction degree of iron ore is about 23.3% based on the conditions that the temperature should be higher than 1 320 K and the PCR should be in the approximate range from 72% to 85%.
The kinetics study shows that the time for reaching the equilibrium state of reduction becomes shorter and shorter as the temperature increases which can be clearly seen in Fig. 5 . When the PCR of the reducing gas is 57.8% and the temperature T ≥ 1 550 K, the equilibrium wt% O in the final product would be around 24.0%. Therefore, the equilibrium reduction degree of iron ore would be around 26.5%. In this study, the reduction degree of iron ore reaches the equilibrium point (26.6%) in 970 ms at 1 750 K (as shown in Fig.  5 ). The obtained equilibrium reduction degree of 26.6% is just 0.1% higher than the value of 26.5% in the literature. As shown in Table 4 , at 1 700 K, the reduction degree of iron ore almost reaches the equilibrium state when the residence time is 2 020 ms, while the results are far below 26.6% in 2 020 ms at the temperatures lower than 1 700 K. The current experimental results are in close agreement with the study of Biswas. Fig. 7 . Comparison of thermal decomposition degree, reduction degree and total reduction degree of iron ore in the first 210 ms, thermal decomposition in 100% CO2, reduction in the gas mixture of PCR2′ (42.2% CO + 57.8% CO2), particle size: 45-53 μm. 
29)
Phase Changes in the Hematite Ore
According to the chemical analysis of the hematite ore, the primary phase in the hematite ore is Fe2O3. The phase changes in the partially reduced iron ore sample are the important information for understanding the kinetics of reduction mechanism. The phases in all the selected samples in Fig. 5 were detected by the technology of XRD which also gave the semi-quantitative analysis. Three examples of the XRD patterns are given in Fig. 9 and the whole results of the semi-quantitative analysis are presented in Table 5 . The three representative examples are: the hematite ore reduced at 1 550 K in 210 ms that represents the samples having the reduction degree lower than 11.11%; the hematite ore reduced at 1 650 K in 970 ms that represents the samples having the reduction degree higher than 11.11%; the hematite ore reduced at 1 750 K in 2 020 ms that represents the samples having the highest reduction degree in this study.
Combining the results in Fig. 9 and Table 5 , it was found that at 1 550 K, the reduction rate is quite low and only a small amount of FeO was generated in all the studied residence time. The main reaction is the reduction from Fe2O3 to Fe3O4. The reduction rate increases with the increase of temperature. At 1 700 K and 1 750 K, Fe2O3 was almost reduced to Fe3O4 and FeO completely in 210 ms. The results in the table can be divided into three parts according to the existed phases in the sample. When the reduction is below 10% like the reduction in all the studied residence time at 1 550 K and in 210 ms at 1 600 K, the main phases in the partially reduced iron ore are Fe2O3 and Fe3O4. When the reduction degree is between 10-15% like the reduction in 970 ms and 2 020 ms at 1 600 K and in 210 ms at 1 650 K, the phase of Fe2O3 coexists with the phases of Fe3O4 and FeO in the partially reduced samples. When the reduction is higher than 15% like the reduction in 970 ms and 2 020 ms at 1 650 K and in all the studied residence time at 1 700 K and 1 750 K, the main phases in the partially reduced iron ore particles are Fe3O4 and FeO. On the other hand, the phase less than 3% by semi-quantitative analysis also shows very weak signal in the pattern of XRD as shown in Fig. 9 .
Melting Behaviour of Iron Ore Particles
One of the main heat sources of SRV is the heat taken by molten iron ore from the smelting cyclone. Considering the heat balance and smooth running of the whole process, the melting behaviour of iron ore particles in the smelting cyclone was the other important aspect which was drawn close attention. In this study, the morphology study of the partially reduced particles has been carried out to observe the melting behaviour of the iron ore fines at different temperatures. The morphology of the reduced particles was observed with the optical microscope. Figures 10-14 show the appearances of the collected partially reduced ore particles at different temperatures 1 550-1 750 K (t = 210 ms; t = 970 ms; t = 2 020 ms). Because the melting behaviour of iron ore is directly relevant to phase changes in the particle. Therefore, in order to give a comprehensive analysis, the selected samples for morphology study are from the same experiments with the samples analysed by XRD. It is obvious that the partially reduced particles kept their original shape when the temperature was below 1 600 K as shown in Figs. 10 and 11. At 1 650 K as shown in Fig. 12 , when the particles experienced a reaction time of 210 ms, the particles still maintained their original shape. However, when the reaction time t ≥ 970 ms, a small part of particles were melted down and turned to a spherical shape. Furthermore, when the experimental temperature was increased to 1 700 K as shown in Fig. 13 , a number of particles were still not melted down in the residence time of 210 ms. However, almost all the particles were melted down completely in the longer residence time. At 1 750 K as shown in Fig. 14 , all the particles were melted down in all the studied residence time from 210 ms to 2 020 ms.
It is natural that the ratio of molten particles goes up with the increase of temperature and residence time. The temperature of 1 650 K is a turning point of the appearance changes of the partially reduced particles. Furthermore, this phenomenon was integrated with the results in Table 5 . It was found that 1 650 K is also a turning point of the contents of the iron oxides. The partially reduced iron ore sample reduced in the short reaction time 210 ms is composed of Fe2O3, Fe3O4 and FeO, and the amount of FeO is not large. However, the sample is composed of a big percentage of Fe3O4, FeO and a small percentage of Fe2O3 in the reaction time of 970 ms and there is almost no Fe2O3 when the reaction time is longer than 970 ms. It can be speculated that for a single particle, spherical shape was formed when a considerable amount of FeO was generated in the particle. This conclusion is also supported by the Fe-O phase diagram as shown in Fig. 1 . 4) According to the diagram, the melting point of pure Fe2O3 is about 1 838 K, the melting point of pure Fe3O4 is about 1 870 K, and the melting point of FeO is about 1 644 K which is the lowest one. It shows that the liquidus temperature of the FeO-Fe3O4 mixture is from the melting point of FeO 1 644 K to the melting point of Fe3O4 1 870 K and decreases with the increase of the FeO content. This is also the explanation why at 1 700 K when the particle residence time t ≥ 970 ms and at 1 750 K for all studied residence time of 210-2 020 ms, almost all particles were melted down even though the content of Fe3O4 was still high in the sample. For that the iron ore particles in one sample are different from each other in size, porosity and even composition. Therefore, it was not surprise to see that not all the particles were melted down in one sample at some conditions. The composition of the raw materials and the reduced samples obtained was an average value of a number of particles from one sample. In essence, no matter at what temperatures or in what reducing gas compositions, it can be concluded that the ratio of the molten iron ore particles is proportional to the content of the low melting FeO in the partially reduced sample.
Conclusions
The melting and pre-reduction behaviour of the individual particles of fine iron ore in the smelting cyclone of the HIsarna process has been investigated in the High-temperature Drop Tube Furnace -HDTF. The experiments have been carried out at different temperatures, in a wide range of reducing gas compositions and with different particle sizes. The experimental results reveal the kinetic behaviour and reduction mechanisms of individual iron ore particles at high temperatures and the following conclusions could be drawn:
• In the studied PCR values and temperatures, the maximum reduction degree is approximately in the range of 23-30%. The reduction degree goes up with the increase of temperature and residence time, while goes down with the increase of particle size.
• The morphological analysis with optical microscope shows that molten particles appear at 1 650 K in the residence time 970-2 020 ms, and the partially reduced particles are fully molten at 1 700 K in the residence time of 700-2 020 ms and in all the studied residence time starting at of 210 ms and longer at 1 750 K. Wϋstite content of the partially reduced particles plays an important role in determining the final physical state of particles.
• In the first 210 ms, the thermal decomposition of iron ore particles contributes much more than the reduction to the reduction degree of iron ore at low temperatures. When the residence time is longer than 210 ms, the further reduction degree of iron ore is almost completely caused by reduction.
• The experimental study conducted under the typical reaction conditions of smelting cyclone in the pilot plant provides a good reference to the HIsarna process.
The experimental results are helpful on determining the temperature range, gas composition and particle size in the smelting cyclone.
